The Galactic bulge shows a double red clump in sight lines with |b| 5
• . It is interpreted as a signature of an X-shaped structure seen almost edge-on. We measure the proper motions of the stars belonging to the closer and the further arm of the X-shaped structure. The intrinsic kinematic properties of the two arms are found by incorporating information taken from the luminosity function. At b = −5
• we find that the proper motion difference between the two arms is a linear function of the Galactic longitude for −0.1 • < l < 0.5
• , which we interpret as a streaming motion of the stars within the X-shaped structure.
Such a streaming motion has not previously been reported. The proper motion difference is constant for −0.8 • < l < −0.1 • , which gives us an estimate of bulge rotation speed of 87.9 ± 8.2 km s −1 kpc −1 .
Introduction
The bulge of the Galaxy is the closest such structure and the only one in which stars can be well resolved and studied individually. This in turn allows detailed investigation of properties of stellar populations within the bulge. The Galactic bulge was not formed via major mergers but was developed via bar buckling (Shen et al. 2010) . It was recently found (Nataf et al. 2010; McWilliam & Zoccali 2010 ) that the Galactic bulge contains an X-shaped structure. This structure is aligned with a bar, which makes ≈ 30
• angle with Sun -Galactic center direction, and its arms are significantly extended along the line of sight direction. The color-magnitude diagrams (CMDs) constructed in some bulge areas show a double-peaked red clump (RC) because the line of sight crosses two arms of the X-shaped structure. In fields close to the Galactic disk the two RCs merge and appear single-peaked. These include the well studied low-extinction Baade window at Galactic coordinates (l, b) = (1 • , −3.9 • ). The RC is also single-peaked in the areas where only one arm is seen. X-shaped structures are known in other galaxies (Whitmore & Bell 1988) and may be centered (four arms cross at the center of the galaxy) or off-centered (arms cross in two areas within the disk that do not coincide with the Galactic center; Bureau et al. 2006 ).
The double RC in the Galactic bulge was confirmed using 2MASS and VVV near infrared data by Saito et al. (2011 Saito et al. ( , 2012 . More recently Cao et al. (2013) analyzed the spatial density of the RC stars and found a clear signature of the X-shaped structure. Li & Shen (2012) found properties of the X-shaped structure in the bulge model of Shen et al. (2010) to be consistent with observations.
Until now there have been relatively few studies devoted to the kinematics of both RCs. In some cases they were conducted at fields where the X-shaped structure is present but hard to be distinguished i.e., −5 There is one problem inseparably involved in the kinematic studies of the Galactic bulge that use the RC stars. Not all the stars of the RC region of the CMD belong to the RC because there are underlying red giants that may be at different distances and thus posses different mean kinematics. As noted by Mao & Paczyński (2002) these stars dilute the measured kinematic differences between the brighter and fainter RC stars. There are two ways one can cope with this fact when comparing the observations with predictions based on Galactic models. The first is to report the raw measured properties and compare them with model predictions, which are diluted in the same manner as observations (see e.g., Ness et al. 2012) . The disadvantage of this method is that the above mentioned results cannot be compared in detail to the models as long as one does not specify from which parts of the CMD stars were used in the calculations. The other approach is presented in this paper. The probability that a given star belongs to the brighter or fainter arm of the X-shaped structure is assigned to each star (based on its extinction-corrected brightness) and using this we find the intrinsic properties of the two arms. The result can be directly compared to the model predictions, which are based upon the proper motions of stars selected based on their distances. It also allows the analytical derivation of the Galactic properties.
We note one more proper motion study in bulge field, which does not show a double RC The aim of this paper is to study the proper motions of the stars belonging to the two arms of the X-shaped structure. We use data collected by the OGLE-III survey to calculate the proper motions. The third phase of the OGLE project used a camera with better resolution than the second phase. In addition the observed sky-area was significantly larger and covered some fields with the double RC. The results presented here could not be achieved using the OGLE-II data. We describe the observations used in this study in Section 2. The two following sections present the luminosity function construction and the calculation of proper motions of individual stars. Both of these are used in Sec. 5 to find the intrinsic proper motion differences of stars in the two arms of the X-shaped structure.
We end by discussing the implications of our results.
Observations
The OGLE-III project (Udalski 2003) were presented by Szymański et al. (2011) . We select the fields where the double RC is well pronounced and observing coverage was good enough to obtain the precision of the proper motions below 1 mas yr −1 in each direction. We were left with three fields named BLG134, BLG167 and BLG176, the latter two of which are neighboring. The sky coordinates of the fields centers, the number of epochs collected and observing time span are summarized in Table 1 . The sky area corresponding to the one CCD chip is called a subfield. Different subfields of a given field are distinguished by the number from 1 to 8 separated by a decimal point.
The astrometric measurements analyzed here are independent of the standard OGLE-III reduction, which used Difference Image Analysis. In order to measure the centroids of the stars, we implemented the effective PSF approach presented by Anderson & King (2000) and Anderson et al. (2006) . The effective PSF is a convolution of the instrumental profile with the pixel sensitivity map. Both of the latter are unknown, but they are not needed as the stellar centroids can be found using an accurate effective PSF. In our implementation the grid on which the effective PSF is defined supersamples the pixel by a factor of four in each direction. The spatial variation of the profile is treated by calculating it on a 2 × 4 
Luminosity function
In order to assign each given star a probability that it belongs to the brighter or fainter arm we deredden each star individually using the interpolated extinction maps of The luminosity function of the bulge red giants is constructed by taking into account the stars that are redder than the gray line in Fig. 1 . This line changes its slope at I 0 = 14 mag to exclude the disk RC stars, which are abundant in the CMD region (V − I) 0 ≈ 0.8 mag and I 0 < 13.5 mag. We argue that this selection of stars removes the great majority of the foreground disk red giants. The nearby red giants are shifted toward bluer colors by extinction correction and thus are not included in our selection box. We verified this using the Besançon Galactic model (Robin et al. 2003) . Additional cleaning of the sample is conducted later on, when the objects with the highest proper motions are removed. A separate luminosity function was constructed for each field. All are shown in three panels of Fig. 2 . We found that calculation of a separate luminosity function of each OGLE field is close to the optimum between obtaining good statistics and characterizing the spatial changes in the luminosity function. The luminosity function for each field is fitted with an analytical function that takes into account both arms of the X-shaped structure. In previous studies (e.g., Nataf et al.
2011) simpler functions were used. The number of stars in each arm is a sum of three components: red giant branch (represented by an exponential function), RC (represented by a Gaussian) and the red giant branch bump (RGBB henceforth; Gallart 1998; Nataf et al. 2011 , ; represented by a Gaussian). We take into account the RGBB and ignore the asymptotic giant branch bump which was also found in the Galactic bulge (Nataf et al.
2011) because of two major differences between the two structures. First, the number counts of the asymptotic giant branch bump are at least an order of magnitude smaller.
Second, the absolute brightness difference between the RGBB and the RC is significantly smaller than for the asymptotic giant branch bump (0.737 mag compared to 1.06 mag).
The function that we fit has sixteen parameters (two for each of the exponentials and three for each Gaussian), but we make several assumptions to reduce the number of fitted Each star was assigned a probability that it belongs to the brighter (p b (I 0 )) or the fainter (p f (I 0 )) arm of the X-shaped structure. This probability is equal to the ratio of number of stars from a given arm to the total number of stars, both of which are the values of the fitted function at the extinction-corrected brightness of the star. The plots of p b (I 0 ) are shown on the three panels of Fig. 2 .
Calculation of proper motions
The crucial point in the calculation of high accuracy proper motions is finding an adequate transformation of grids. We note that the OGLE-III observing strategy was not optimized for precise astrometry: there was typically only one observation of a given field taken per night, the seeing FWHM varied up to a factor of 2.5, exposures were taken at different airmasses, and the airmass could change significantly between any two consecutive exposures. These issues prevent us from using a detailed geometric correction common for all of the subfields of the given exposure as was done by Bellini & Bedin (e.g., 2010 ).
Instead, we derived the transformation grids for each subfield individually. This enforced the proper motion zero points to be different for each subfield.
The cross-matching of the star catalogs from each image was done using a simplified version of the algorithm presented by Pál & Bakos (2006) . Second order polynomial grids were calculated in order to transform the measured positions to a common frame. The stellar centroids from all the frames of a given subfield were transformed to this common frame. After that, we fit a model for each star that took into account the coordinates for The uncertainties of the proper motions are found using the bootstrap method (Press et al. 1992) . From a set of exposures of a given field, we draw with replacement a subset whose number of elements is equal to the original set. Multiple such subsets are drawn and for each of them the procedure of calculating the proper motions described above is repeated. The standard deviation of the proper motion of a given star is taken as the measurement uncertainty. The proper motion uncertainties are about 0.3 mas yr −1 for I = 14 mag and about 0.5 mas yr −1 for I = 16 mag. It was found that the proper motion uncertainties increase near the edges of subfields. This is caused by the less well defined grid transformations in these parts of the subfields. We compared the proper motions measured for stars present in overlapping parts of the adjacent subfields and found that bootstrap estimates are consistent with measured proper motion differences. The raw measurements of proper motions used in this study will be published as a part of the proper motion catalog covering the whole OGLE-III bulge area.
Analysis
The intrinsic (i.e., undiluted by red giants) proper motion difference between the brighter and fainter RC can be found using the calculated proper motions and probabilities that a given star belongs to either the brighter or fainter arm. Let index i label the stars. For each of them we have measured the proper motion in Galactic coordinates: 
The product of likelihoods for all the stars in a given subfield is the function we maximize using the Markov Chain Monte Carlo (MCMC). A separate chain was run for each subfield. After trial and error we choose the same interval of I 0 brightness between 14 mag * The µ l⋆ = µ l cos b and µ b are the proper motions in Galactic coordinate system with longitude value corrected for scale changes.
and 15 mag. In this range both RCs are prominent, and that is where the most information on the undiluted proper motions comes from. For the stars brighter than I 0 = 14 mag the probabilities are poorly constrained, and the number of brighter stars is smaller. For the stars fainter than I 0 = 15 mag, the RGBBs significantly contribute to the luminosity function and the analytical fits presented in Sec. 3 are slightly poorer. For I 0 ≈ 15.7 mag, the main sequence disk stars start to contribute significantly to the luminosity function.
The mean value of the effective number of stars in the brighter (fainter) arm i.e., i p b (I i,0 )
per subfield is 1093 (1499) in the field BLG134. In the field BLG167 the corresponding value is 1723 (669), and for BLG176 it is 1416 (771). The values in individual subfields do not differ by more than 10% except the subfields BLG167.5 (15% larger than the mean) and BLG176.5 (13% larger than the mean).
In order to illustrate the reliability of our MCMCs, we overlay the p b (I 0 ) and µ i,l⋆ We note that the differences of µ l⋆ at the brightness of the two RCs are up to 1.2 mas yr −1 in the subfields presented in Fig. 3 . The values of ∆µ l⋆ , which are corrected for dilution by red giants, for these subfields are about twice larger. Such a large ratio is caused by the fact that even for the brightness of the brighter RC some contribution of the fainer arm is seen and vice versa. Among the previous comparisons of two arms kinematics, only Uttenthaler et al. (2012) accounted for the probabilities that measured stars belong to the either RC. In contrast to us they found a very small change of the kinematic properties.
All analyzed fields are close to b = −5
• . The range of Galactic longitudes is significantly larger. The fields BLG167 and BLG176 span from l = −0.9
• to l = 0.6
• . The field BLG134
is located around 2
• from these two and is therefore discussed separately. Figure 4 presents the proper motion differences ∆µ l⋆ and ∆µ b vs. Galactic longitude.
We are analyzing the fields close to l = 0 • , so the purely cylindrical rotation identified from RV surveys (Kunder et al. 2012; Ness et al. 2013) and for l l break we assume ∆µ l⋆ (l) = ∆µ const l⋆
The fit resulted in l break value of −0.114 Table 2 . Proper motion statistics of two arm of the X-shaped structure 
Discussion
The most striking result of Fig. 4 is the presence of significant changes of the proper motion differences with the Galactic longitude for l > −0.1 • . We interpret this as a signature of asymmetric streaming motions of stars in the X-shaped structure. The fact that the mean motion of the stars belonging to a certain structure is different from the mean motion of this structure is known e.g., in the case of Galactic spiral arms. The measurements presented in this paper are insufficient to determine in which of the arms the streaming motion occurs. None of the published models of the X-shaped structure gives predictions of the streaming motions that we report.
The value of ∆µ const l⋆ can be used to constrain the angular velocity of the Galactic bar.
For small values of distance modulus differences of two RCs ∆I RC their relative distances can be approximated by The proper motion differences in the field BLG134 are similar to those found in field BLG167. The two most outlying subfields are BLG134.8 and BLG134.5. The former has the smallest longitude among the subfields analyzed here, while the latter is the closest to the Galactic disk among the BLG134 subfields. Thus, these discrepancies are most likely caused by significantly smaller contribution of the brighter arm in these subfields.
The ratio of proper motion dispersions in both arms along the latitudinal direction can be used as an independent estimate of the distance ratio of the two arms if the same tangential velocity distribution is assumed in each arm. We note that this may not be the case since in a given sight line the two arms are at the different distances from the Galactic disk.
There are several studies devoted to the proper motion dispersions in the Galactic bulge (Spaenhauer et al. 1992; Kuijken & Rich 2002; Vieira et al. 2007 , and references therein). These dispersions were found to be anisotropic with σ l⋆ /σ b ≈ 1.2. We do not confirm this finding when the two arms are treated separately. Analysis of the posterior probability distribution of the MCMC revealed that only in five cases did the ratios differ significantly from unity. In each of these cases the longitudinal proper motion dipsersion is smaller than the latitudinal one. The value of the dispersion ratio in the brighter arm i.e. 
